4
[5] . According to R. Robinson (1925) , these experimentally obtained data are represented by the commonly used symbol 5 , in which delocalized π -electrons are represented by a circle within a hexagon (Scheme 1.1 ). The term ' aromatic ' was coined in 1855 by August Wilhelm von Hofmann (1818 -1892), before the physical mechanism determining so -called aromaticity was unraveled. Originally, this defi nition was derived from a characteristic property, namely a sweet scent that was associated with some ' aromatic ' compounds. Subsequently, it was shown that arenes are unsaturated compounds, but showed a chemical reactivity which differed from that of both alkenes or alkynes. This unique reactivity pattern of arenes was used at the end of the nineteenth century as the only criterion of aromaticity. At the start of the twentieth century, additional could be prepared via the decarboxylation of benzoic acid, fl owers of benzoin (E. Mitscherlich, 1833), which in turn was obtained from gum benzoin [5] . Benzene was initially isolated and identifi ed as a chemical compound from the condensed phase of pyrolyzed whale oil in 1825 by Michael Faraday [12] . However, it was not until the 1840s that benzene would be produced in an industrial environment based on its isolation from coal tar by Charles Mansfi eld in 1836.
Since their discovery during the 1860s, electrophilic aromatic substitution reactions played the dominant role for functionalizations of arenes, and were often the method of choice for the synthesis of substituted arenes. For example, Hermann Kolbe, a student of Friedrich W ö hler, devised a synthesis for salicylic acid ( 7 ) [13, 14] , which set the stage for the industrial preparation of acetylsalicylic acid ( ASA , aspirin) ( 1 ) by Arthur Eichengr ü n and Felix Hoffmann at Bayer in 1897 (Scheme 1.2 ).
This representative historically relevant example, as with the industrial preparation of important dyes such as mauveine (Tyrian purple, 8 ) (1856, Perkin), alizarin ( 2 ) (1869, Perkin, Graebe and Liebermann) or indigo ( 9 ) (1890, Heumann) ( Figure  1 .5 ), illustrates the signifi cant economical impact of aromatic substitution chemistry [15] .
Modern aspects of electrophilic aromatic substitution chemistry address the development of enantioselective variants of these direct (hetero)arene functionalization reactions. For example, enantiomerically enriched metal catalysts, as well as organocatalysts, allowed for the asymmetric addition reactions of (hetero)arenes onto ( α , β -unsaturated) carbonyl compounds. Additionally, highly enantioselective arylations of carbonyl compounds were accomplished with organometallic reagents In addition to electrophilic aromatic substitution reactions, a variety of valuable approaches to the synthesis of substituted (hetero)arenes was developed [16] . Consequently, a fully comprehensive review on the entire history of arylation methodologies would call for an encyclopedia, and is, thus, beyond the scope of this introductory chapter. However, both metal -mediated and metal -catalyzed reactions [17, 18] had, arguably, the strongest impact on the development of modern arene syntheses [19, 20] . While olefi n metatheses reactions catalyzed by homogeneous catalysts proved to be particularly valuable for ring -closing reactions [21] , late transition metal -catalyzed (cross)coupling reactions were among the most important chemical innovations of the twentieth century. Thus, the palladiumcatalyzed Tsuji -Trost reaction allowed for novel strategies in C − C bond formations, which had a major impact on asymmetric syntheses [22] . The relevance of catalytic (cross)coupling chemistry is arguably most evident in (hetero)aryl -(hetero)aryl and (hetero)aryl -heteroatom bond -forming reactions [17, 18, 23] , and therefore the majority of the chapters in this book discuss recent innovations in this rapidly developing area of research. As a result, the following personal historical perspective focuses rather on the evolution of metal -catalyzed coupling chemistry.
While electrophilic substitution reactions enabled the direct functionalizations of (hetero)arenes, Fittig observed, during the nineteenth century, that halogenated arenes could be employed for the preparation of alkylated arenes in the presence of sodium under Wurtz ' s reaction conditions [24 -26] .
In 1901, Fritz Ullmann ( Figure 1 .6 ) showed that stoichiometric amounts of copper enabled the reductive coupling of haloarenes for the synthesis of symmetrically substituted biaryls (Scheme 1.3 ) [27] . Based on these regioselective copper -mediated C − C bond -forming reactions, Ullmann found in 1903 that arylations of amines were also viable when using haloarenes as coupling partners. Notably, this report illustrated at an early stage that chlorides could be employed as leaving groups on an arene, even for the conversion of more sterically hindered ortho -substituted starting materials (Scheme 1.4 ) [28] .
These reports on copper -mediated coupling reactions set the stage for pioneering reports by Ullmann and Irma Goldberg (his later wife) on the use of catalytic amounts of copper for coupling reactions of haloarenes. Thus, the arylation of phenol ( 16 ) and its derivatives with low catalyst loadings of copper enabled the selective syntheses of diarylethers (Scheme 1.5 ) [29] .
Importantly, Irma Goldberg showed in 1906 that copper -catalyzed arylation reactions of, potentially chelating, aniline derivatives could be achieved with bromoarenes as coupling partners (Scheme 1.6 ) [30] .
It is noteworthy that this arylation protocol proved also applicable to catalytic transformations of amides as nucleophilic substrates (Scheme 1.7 ) [30] .
Although these reports on copper -mediated and copper -catalyzed coupling reactions highlighted the potential of transition metal compounds for regioselective C − C, C − O and C − N bond formations, rather few further developments of these outstanding methodologies were disclosed during the following decades [31] . However, an improved understanding of organometallic reagents with umgepolte Scheme 1.3 Copper -mediated reductive coupling of haloarenes (Ullmann, 1901) . (Ullmann, 1903 ] allowed for effi cient homocouplings of organomagnesium reagents in the presence of organic halides, such as bromo -or chlorobenzene, which were thought to act as terminal oxidants (Scheme 1.8 ) [38] .
Also during the 1940s, the formation of biphenyl ( 24 ) from fl uorobenzene ( 26 ) and phenyl lithium ( 25 ) in an uncatalyzed reaction (Scheme 1.9 ) led Wittig to propose a dehydrobenzene, specifi cally an ortho -benzyne, as intermediate [39, 40] , the formation of which was confi rmed by Roberts in 1953 [41] . Modern arylation methodologies based on arynes as key intermediates are reviewed by Yu Chen and Richard Larock in Chapter 12 .
Later, during the 1960s, selective cross -coupling reactions between alkyl, alkenyl or aryl halides and stoichiometric amounts of allyl nickel or alkyl copper reagents were developed (Scheme 1.10 ). These methodologies displayed a remarkable functional group tolerance and proved to be among the most effective protocols for C(sp ) cross -coupling reactions [42, 43] . A comprehensive review on metal -catalyzed cross -coupling reactions for challenging arylations of nonactivated Scheme 1.6 Catalytic arylation of an aniline derivative (Goldberg, 1906 (Goldberg, 1906) . In 1965, a palladium -mediated oxidative homo -coupling of arenes was reported. Through the use of [PdCl 2 ], along with sodium acetate as additive in acetic acid as solvent, biaryls could be obtained, with a regioselectivity being indicative of an electrophilic substitution -type mechanism (Scheme 1.11 ) [44] . Subsequently, a palladium -catalyzed dehydrogenative coupling of arenes was accomplished with oxygen as terminal oxidant [45, 46] . Despite remarkable progress in oxidative biaryl syntheses, the achievement of chemoselectivity and regioselectivity in intermolecular cross -coupling reactions continues to offer a major challenge [47, 48] .
In 1968, palladium -catalyzed oxidative arylations of alkenes using stoichiometric amounts of organometallic arylating agents, predominantly mercury -derived compounds, were disclosed by Heck [49] . These studies indicated that economical terminal oxidants, such as molecular oxygen, could be employed (Scheme 1.12 ) [49, 50] . Unfortunately, however, a signifi cant limitation of this arylation protocol was represented by the use of highly toxic organomercury compounds [51] . In contrast, Fujiwara, Moritani and coworkers probed the use of stoichiometric amounts of Scheme 1.8 Metal -catalyzed homocouplings of Grignard reagent 23 (Kharasch, 1941 Scheme 1.9 Biphenyl synthesis through an aryne intermediate (Wittig, 1942) . 
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palladium compounds for a direct coupling between arenes and alkenes in 1967 [52, 53] . Based on these stoichiometric transformations, a catalytic oxidative arylation of alkenes using simple arenes as arylating reagents was devised. Again, this intermolecular [54] catalytic C − H bond functionalization could be achieved with inter alias molecular oxygen as terminal oxidant, and likely proceeded via an electrophilic aromatic substitution -type mechanism (Scheme 1.13 ) [55 -57] .
Another breakthrough in modern cross -coupling chemistry was accomplished during the early 1970s, when Kochi and coworkers disclosed a pioneering report in which electrophiles displayed C(sp 2 ) -Br bonds as functional groups. Interestingly, this iron -catalyzed cross -coupling was used for the functionalization of alkenyl bromides (Scheme 1.14 ) [58, 59 ] , but was not applied to haloarenes as electrophiles until recently [60 -63] . Nonetheless, Kochi ' s report highlighted the remarkable prospective applications of late transition metal complexes to C(sp 2 ) -C(sp 2 ) bond formations through catalytic cross -coupling chemistry. A remarkable catalytic conversion of aryl halides was disclosed in 1971 -namely the arylation of alkenes [64] -which can be considered as being related to Heck ' s arylations of alkenes with arylmercury, -tin or -lead compounds [49, 50] . Here, Mizoroki and coworkers found that catalytic amounts of [PdCl 2 ] or heterogeneous palladium black ( 41 ) enabled transformations of ethylene ( 42 ) or monosubstituted alkenes when using iodobenzene ( 28 ) as electrophile and KOAc as inorganic base (Scheme 1.15 ) [64, 65] . Scheme 1.12 Palladium -catalyzed oxidative arylation of alkenes (Heck, 1968 (Fujiwara, Moritani, 1969) .
[Pd(OAc) 2 ] (10 mol%) A catalytic C aryl -C aryl cross -coupling was reported by Corriu and Masse in early 1972, when different nickel and cobalt compounds were probed in the crosscoupling between alkenyl or aryl bromides and aryl Grignard reagents, with [Ni(acac) 2 ], giving rise to superior results. For example, the catalytic cross -coupling of dibromide 45 provided high yields of the corresponding para -terphenyls 46 (Scheme 1.17 ) [33, 67] .
Based on studies by Yamamoto on stoichiometric oxidative addition reactions of chlorobenzene to nickel complexes [68, 69] , Kumada, Tamao and coworkers reported independently on highly effi cient nickel -catalyzed cross -coupling reactions between Grignard reagents and aryl or alkenyl chlorides. Importantly, the benefi cial effect of phosphine ligands, allowing for the effective cross -coupling reactions of chloroarenes, was demonstrated (Scheme 1.18 ) [70] .
Furthermore, a catalytic cycle for this cross -coupling reaction was proposed that served as a blueprint for many subsequently developed transformations. The working mode of the catalytically competent species [TM] was based on: (a) an Scheme 1.15 Palladium -catalyzed arylation of alkene 42 (Mizoroki, 1971) . (Heck, 1972 At about the same time, Heck disclosed an independent report on a comparable palladium -catalyzed arylation of terminal alkynes. Here, the use of amines as bases allowed for the catalytic transformations of alkenyl and aryl halides, again in the absence of additional copper compounds (Scheme 1.21 ) [76] .
Subsequently, Sonogashira and coworkers observed that the addition of catalytic amounts of [CuI] enabled arylations of terminal alkynes to proceed at signifi cantly Scheme 1.18 Nickel -catalyzed cross -coupling of dichloride 48 (Kumada, Tamao, 1972 [83, 84] . These results showcased that organometallics other than Grignard reagents could be employed for effi cient cross -coupling chemistry. Furthermore, a comparison between nickel -and palladium -based catalysts indicated the latter to be superior with respect to diastereoselective syntheses [83] . These observations set the stage for evaluating the scope of further organometallic reagents in palladiumScheme 1.20 Palladium -catalyzed synthesis of internal alkyne 52 (Cassar, 1975 (Heck, 1975) . (Sonogashira, 1975) . (Murahashi, 1975 [94] . Suzuki, Miyaura and coworkers, in contrast, unraveled the benefi cial effect of added bases in palladiumcatalyzed cross -coupling reactions between alkenylboranes and organic halides [95] . Importantly, mild bases (such as Na 2 CO 3 ) enabled catalytic C aryl -C aryl Scheme 1.24 Nickel -catalyzed cross -coupling of alane 59 . . bond formations to proceed effi ciently in aqueous reaction media (Scheme 1.28 ) [96, 97] .
Cross -coupling reactions of alkenyl -substituted silicon -based nucleophiles were reported by Kumada [98] , and by Hallberg in 1982 [99] , as well as by Kikukawa subsequently [100] . However, effi cient cross -couplings of aryl -substituted siliconbased nucleophiles were accomplished through the use of fl uoride -containing additives, as reported by Hiyama in 1989 . This in situ generation of pentacoordinated silicates gave rise to cross -couplings with a useful functional group tolerance (Scheme 1.29 ) [101, 102] .
Further valuable catalytic cross -coupling reactions between organometallic reagents and aryl halides were reported, which matured to being indispensable tools in modern organic synthesis. In Chapter 2 , Adam F. Littke summarizes the modern aspects of catalytic cross -coupling reactions, with particular focus on the use of challenging organic electrophiles, such as aryl chlorides, fl uorides and tosylates, for C(sp 2 ) -C(sp 2 ) bond formations. In 1983, Kosugi, Migita and coworkers found that palladium -catalyzed aminations of bromoarenes could be achieved when tin amides were used as nucleophiles (Scheme 1.30 ) [103, 104] .
In the 1990s, a breakthrough was independently accomplished by Buchwald [105] (Scheme 1.31 ) and Hartwig [106] (Scheme 1.32 ), establishing broadly applicable palladium -catalyzed Ullmann -type aminations of haloarenes, employing amines directly as nucleophiles. Thereby, the preparation and use of tin amides could be circumvented, and intramolecular [105] aminations of haloarenes were shown also to occur effi ciently. (Kosugi, Migita, 1983) . In addition to Ullmann ' s copper -catalyzed [107] C(sp 2 ) -N bond formations using haloarenes, a remarkable complementary approach was developed by Chan and Lam during the 1990s using boron -based arylating reagents [108, 109] . A detailed review by Andrew W. Thomas and Steven V. Ley on these oxidative coppermediated and copper -catalyzed arylations, as well as their extension to alcohols [108, 110] , is to be found in Chapter 4 .
The presented methodologies for selective intermolecular C aryl -C aryl bond formations largely relied on the use of prefunctionalized coupling partners as substrates. Predominantly, these transformations made use of organometallic reagents as nucleophilic coupling partners. An ecologically benign and economically attractive alternative is represented by the direct functionalization of C − H bonds in simple arenes [111] . An early example of a metal -catalyzed direct arylation was disclosed in 1982 by Ames. During attempts directed towards palladium -catalyzed intermolecular arylation of alkene 85 following Heck ' s protocol, cyclization product 86 was obtained through an intramolecular direct arylation reaction (Scheme 1.33 ) [112] .
An extension of this protocol showed that the alkene was not essential for achieving catalytic turnover. This allowed for syntheses of various important heterocycles, as illustrated for the preparation of dibenzofuran 88 in Scheme 1.34 [113 -115] .
In 1985, Ohta and coworkers reported on intermolecular direct arylations, and probed the palladium -catalyzed direct arylations of indole derivatives with electronScheme 1.31 Palladium -catalyzed arylation of amine 79 (Buchwald, 1995 defi cient heteroaryl chloride 91 . Interestingly, the regioselectivity of this intermolecular reaction was found to be strongly infl uenced by the substitution pattern of the indole on position N -1. Hence, indole ( 89 ) [116] , as well as its N -alkylated derivatives [117] , yielded the C -2 arylated products. In contrast, N -tosyl indole ( 90 ) gave rise to functionalization at position C -3, with good to excellent regioselectivities (Scheme 1.35 ) [117] .
During the following decades, palladium -catalyzed direct arylations proved to be valuable tools for organic synthesis, and a comprehensive review on these transformations is provided by Masahiro Miura and Tetsuya Satoh in Chapter 10 . Scheme 1.33 Palladium -catalyzed intramolecular direct arylation (Ames, 1982) . Scheme 1.34 Palladium -catalyzed intramolecular direct arylation for a dibenzofuran synthesis (Ames, 1983 (Ohta, 1985 and . 
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In 1986, a highly regioselective catalytic hydroarylation [118] of alkenes was disclosed by Lewis, whereby a cyclometallated ruthenium catalyst 94 allowed for a directed (hence ortho -selective) alkylation of phenols through the in situ formation of the corresponding phosphites (Scheme 1.36 ) [119] .
In 1993, Murai reported on highly effi cient alkylations of aromatic ketones with olefi ns, where [RuH 2 (CO)PPh 3 ) 3 ] served as the catalyst for regioselective C − H bond functionalizations (Scheme 1.37 ) [120 -123] .
These examples illustrated the potential of ruthenium complexes for selective intermolecular C − H bond functionalization reactions. Furthermore, they sowed the seeds of ruthenium -catalyzed direct arylation reactions, which proved to be rather broadly applicable [124 -127] .
A comparable concept was applied in 1998 to rhodium -catalyzed oxidative direct arylations, which employed organometallic compounds for regioselective direct arylations (Scheme 1.38 ) [128] .
A comprehensive review on direct arylations with ruthenium and rhodium complexes is provided in Chapter 9 by Lutz Ackermann and Rub é n Vicente, where Scheme 1.36 Ruthenium -catalyzed alkylation of phenol ( 16 ) (Lewis, 1986 Scheme 1.38 Rhodium -catalyzed direct arylation of arene 100 (Oi, Inoue, 1998) . recently reported iridium -, copper -and iron -catalyzed processes are also discussed. The current mechanistic understanding of transition metal -catalyzed direct arylation reactions is summarized in Chapter 11 by Paula de Mendoza and Antonio M. Echavarren.
A notable alternative to metal -catalyzed direct arylation reactions is represented by methodologies that involve the formation of radicals as intermediates. The modern aspects of these transformations, along with further synthetically useful radical -based arylation methods, such as the Meerwein arylation of alkenes [129] , are reviewed in Chapter 13 by Santiago E. Vaillard, Birte Schulte and Armido Studer. In some cases, radical intermediates can be generated through photochemically initiated electron -transfer reactions and, given their ecologically and economically attractive features, these photochemical arylations are highly promising for future developments [130] 
